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ABSTRACT Short A short packet transmission scheme, such as Sparse Vector Coding (SVC), is a primary
candidate for achieving ultra-low latency and high-reliability communication (URLLC). This paper proposes
a spectral-efficient multi-user SVC (MU-SVC) scheme for achieving next-generation URLLC or eXtreme
URLLC (xURLLC) in beyond 5G (B5G) communications. The key idea is to transmit multiple user
information within a single sparse vector where the users are segregated into far users (FU) and near users
(NU) depending on the distance from the base station. The classification into FU and NU paves way to
optimize resource allocation, user fairness, manage interference, ensure reliable communication and quality
of service requirements. Firstly, the FU binary data is converted into a sparse vector and secondly, the NU
data is modulated and embedded into the non-zero positions of the sparse vector to form an MU-SVC.
On transmission, the FU data is obtained through sparse demapping, while the NU adopts symbol detection
techniques like the maximum likelihood detector. A new performance metric, called position error rate
(PoER), is introduced to study the performance of the FU since it is based on the correct identification
of the non-zero positions. Theoretical analyses of POER and symbol error rate (SER) were carried out for
FU and NU, respectively and the results are also validated through Monte-Carlo simulations. Further, the
bit error rate, complexity, spectral and latency analyses are performed for MU-SVC and compared with the
SVC and enhanced SVC schemes. The simulation results demonstrate an improved spectral efficiency and
low latency with high reliability for the proposed MU-SVC scheme, thus, achieving XURLLC with reduced
complexity in the multi-user scenario for B5SG.

INDEX TERMS Multi-user, position error rate, sparse vector coding, superimposed transmission, symbol
error rate, URLLC.

I. INTRODUCTION
ULTRA-reliable and low-latency communication (URLLC)
is gathering keen attention in fifth generation (5G) wireless
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systems due to an increase in time-critical and round-
the-clock accessible applications. URLLC is designed to
deliver communication services with extremely high levels
of reliability. This is crucial for applications where even
a small amount of packet loss or communication failure
could have serious consequences, such as in industrial
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automation, remote surgery, autonomous vehicles, and public
safety scenarios [1], [2], [3]. URLLC plays a crucial role
in the context of intelligent transportation systems (ITS),
autonomous driving where vehicles, infrastructure, and other
elements need to communicate quickly and reliably to
ensure safety and efficiency [4], [5]. Moreover, most of the
applications require only tiny information to transmit such
as moving forward/backward, turning left/right, on/off, etc.,
(control signals) and hence demand efficient transmission
control. Short packet transmission is a key enabler of URLLC
which addresses the need for both low latency and reliable
data transmission in applications that require real-time
interactions and critical reliability, making it a fundamental
aspect of modern wireless communication systems. The
benchmark for URLLC is 99.99% reliability with less than
Ims latency and one in a million block error rate (BLER)
[6], [7], [8], [9], [10], [11]. In par with this, sparse vector
coding (SVC) is proposed in [12] for transmission of short
packets to achieve URLLC. The idea is to explore the sparse
nature of the information and get rid of conventional channel
coding schemes which require lengthy codes with complex
nature [12], [13], [14], [15].

In SVC, the information is sparsely mapped with the min-
imum number of non-zero elements and pseudo-randomly
spread through a code book (dictionary matrix) at the
transmitter. This information is then transmitted over the
channel and at the receiver, the signal is considered to be
undetermined. To address this, compressed sensing (CS)
based sparse recovery algorithms (SRA) [16], [17] are aided
for successful decoding of the information. A probability
of success analysis is carried out and shows that SVC
supports URLLC. Likewise in [12], [13], [14], [15], [18],
and [19], BLER analysis is performed for SVC with various
parameters which depend on less pilot overload and pilot-less
transmission. Recently, an enhanced SVC (ESVC) scheme
was proposed for URLLC in which the information is
encoded as symbols in addition to position for enhancing
the reliability [20]. At the receiver, the support is identified
through SRA, and symbols are detected by conventional
techniques. From the performance analysis, it is depicted
that SVC is less efficient than ESVC. In addition, SVC for
massive multiple-input multiple-output (MIMO) is proposed
in [21] which transmits information through multi-antenna
system. At the receiver, successive cancellation is carried out
to decode the intended user information.

Moreover, SVC is exploited with multi-carrier non-
orthogonal multiple access (MC-NOMA) for in-home health
networks [22] in which the inter carrier interference (ICI)
suppression is achieved due to sparse nature of the informa-
tion transmitted. To further enhance the performance of SVC,
the constellation group based rotation technique is adopted
in [23] which maps the information bits to sparse vectors
ensuring that the minimum Euclidean distance between the
constellation is large. Also in [24] sparse superimposed
transmission (ST) is exploited for SVC in which a certain
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amount of information is sparsely mapped and the remaining
part of the information is mapped to non-zero positions
through constellation rotation. Simulation results show that
the SVC-ST scheme performance is superior in terms of
BLER.

Furthermore, to enhance the reliability, ESVC with the
limited pilot overhead is explored in which the sparse
vector is scaled by the fading channel and decoding does
not require any channel state information [25]. Also, the
sparse vector is composited with maximal ratio transmission
over the channel for enhancing the reliability of the system
in [26]. Additionally, to enhance the performance of SVC,
a superimposed transmission technique is adopted in [27].
The encoding is done by sparse mapping a certain part of
user information into non-zero sparse vector and remaining
part is quadrature amplitude modulated through constellation
rotation. Besides, SVC is also aided for integrated sensing
and communication applications [28] for enhancing the
reliability and attenuating the side lobes of radar signals. The
information is sparse mapped and the control for reducing
the side lobes of the radar signal are embedded into the
spreading code, thus ensuring reliability with lower lobes for
radar sensing. An optimized code book or resource element
is utilized in [29] for spreading the sparse vector to enhance
the reliability, reduce complexity and hardware realization in
URLLC applications.

Also, outage analysis of SVC is carried out for MC-
NOMA in [30] and shown that SVC aids for suppressing
the ICI in multi-carrier communication and contributes for
URLLC. Yet importantly, SVC is exploited for high mobility
scenario with Doppler effect in [31] which accounts the
time varying channel parameters. The data and the pilots
for estimating the time varying channel is sparse mapped at
the transmitter which is then pseudo randomly spread over
a random spreading code. At the receiver, the decoding of
data by canceling out the pilots is performed through iterative
interference cancellation and the channel is estimated by
iterative data-aided process. Nevertheless, sixth-generation
(6G) communication aims to address next-generation use
cases while building upon and enhancing those introduced
by 5G. This includes the need for achieving extreme URLLC
capabilities surpassing those in 5G. In aim of this, SVC is
exploited with rate splitting approach in [32] and shown that
along with xXURLLC, SVC supports enhanced data rate in
B5G applications.

XxURLLC in the context of ITS, industrial 4.0 and 5.0, etc.,
can enable a variety of applications and services. To mention
a few, vehicle-to-everything (V2X) communication, traffic
management, infrastructure monitoring, robotic surgery,
truck platooning, etc. In applications such as autonomous
vehicles and truck platooning, the amount of informa-
tion transferred is petite but the number of devices/users
connected is large and demands for spectrum efficient
communication [33], [34], [35], [36]. Thus, xXURLLC along
with spectral efficiency to support massive connectivity is
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TABLE 1. List of symbols.

Abbreviation  Definition

3GPP Third Generation Partnership Project
B5G Beyond Fifth Generation

6G Sixth Generation

BER Bit Error Rate

BLER Block Error Rate

BS Base Station

CS Compressed Sensing

CSI Channel State Information
ESVC Enhanced Sparse Vector Coding
FU Far User

ICI Inter Carrier Interference

ITS Intelligent Transportation System
LUT Look Up Table

MC-NOMA Multicarrier Non Orthogonal Multiple Access
MIMO Multiple Input Multiple Output
MU Multi User

MU-SVC Multi-User Sparse Vector Coding
NU Near User

OMP Orthogonal Matching Pursuit
PER Packet Error Rate

PoER Position Error Rate

QPSK Quadrature Phase Shift Keying
SER Symbol Error Rate

SNR Signal-to-Noise Ratio

SRA Sparse Recovery Algorithm

ST Superimposed Transmission
SvC Sparse Vector Coding

URLLC Ultra-Reliable Low-Latency communication
xURLLC eXtreme URLLC

V2X Vehicle-to-Everything

of keen interest in BSG communications. The main aim of
this paper is to simultaneously serve multiple users at various
distances from the base station (BS) with a single sparse
vector through a single transmission, thereby enhancing
spectral occupancy and supporting XURLLC applications.
In this paper, a novel MU short packet transmission scheme
is enabled through a sparse vector for XURLLC. The users
are classified as far users (FU) and near users (NU) based
on their distance from the base station. The BS does not
require the exact physical distance of each user; instead, it
classifies users as FU or NU based on their known Channel
State Information (CSI). Since CSI inherently reflects the
effects of path loss, shadowing, and fading, the BS can
estimate relative distances or categorize users by comparing
their channel gains. Users experiencing higher path loss and
weaker channel gains are classified as FUs, while those with
lower path loss and stronger channel gains are classified as
NUs. This classification allows the BS to optimize power
allocation, ensuring that far users receive higher transmission
power to maintain fairness and enhance overall spectral
efficiency. This aids in serving multiple users, simultaneously
on the same time-frequency resource (ensuring effective
utilization of resources), through superimposed transmission.
In turn, this will result in optimized resource allocation,
enhance user fairness, manage interference, ensure reliable
communication, reduce latency (at the system level), and
meet quality-of-services requirements. Initially, information
of the FU is encoded into a sparse vector and the NU

56782

information is converted to symbols. Now, the symbols are
embedded into the position of non-zero elements in the FU
sparse vector. This superimposed signal is pseudo-randomly
spread through a code book and transmitted over the
channel. At the receiver’s end, the support identification is
performed through SRA along with sparse demapping and
symbol detection in FU and NU, respectively. The proposed
MU-SVC supports the transmission of multiple users’ data
in a single sparse vector, rather than utilizing individual
sparse vectors as in traditional SVC. The key advantage
of the proposed MU-SVC scheme over ESVC is that FU
and NU can obtain their information by decoding only the
non-zero positions and symbols, respectively. Also, optimal
power allocation is not required for NU and FU in MU-
SVC. Moreover, in this paper position error rate (PoER)
and symbol error rate (SER) analyses are performed which
shows the proposed scheme is much more reliable with low
latency. Furthermore, spectral efficiency, user fairness along
with MU connectivity are also achieved for XURLLC. For
ease of reference, Table 1 summarizes the list of symbols. The
fore-fold contributions of this paper are summarized here:

e« A novel spectral efficient MU-SVC transmission
scheme for xURLLC has been proposed for MU
environments.

o It is shown that MU-SVC serves more than one user
simultaneously, without any compromise in latency and
reliability standards of ESVC.

+ A new performance metric viz., POER has been com-
puted to analyse the reliability of the proposed system
and also its significance is discussed.

o Numerical analysis in terms of PoER and SER has
been carried out for the proposed MU-SVC scheme and
validated through Monte-Carlo simulations.

« Furthermore, bit error rate (BER), complexity, spectral
occupancy and transmission latency analyses are per-
formed for MU-SVC and compared with existing SVC
techniques.

The rest of this paper is organized as follows. Section II
describes the proposed system model with encoding and
decoding procedures. The significance of PoER, numeri-
cal performance analysis in terms of PoER, SER, BER,
computational complexity and spectral occupancy are put
forth in Section III. Section IV presents the simulation
results of the MU-SVC scheme with various key parameters
and a comparison with the existing schemes followed by
conclusion in Section V.

Il. MULTI-USER SPARSE VECTOR CODING

Consider a downlink scenario where multiple users need
to be served by the BS for short packet transmission in
URLLC. With the objective of meeting the xXURLLC target
defined by third generation partnership project (3GPP) [11]
and striving to attain spectral efficiency while ensuring
fairness among users, an MU-SVC scheme is proposed which
exploits SVC and superimposed techniques. Multiple users
at the receiver end are grouped as FU and NU based on the
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Algorithm 1 Pseudo-Code for the MU-SVC Scheme
Input: Length of the sparse vector (N), Number of users (U),
FU Information (W), NU symbols (xy/), Sparsity (K)
Output: MU-Sparse vector (s)
Initialisation: p = 0
1: fora=2toN do

2 forb=1toa—1do

3 if p = (W) then

4: § = (2la=D 4 2(=D)
5 end if

6 p=p+1

7 end for

8: end for

9: s = indexmod[S(xy)]

10: return s

distance from the BS. Initially, at the BS, FU information
is mapped to sparse vector § with sparsity K and sparse
vector length N. Now, the NU information is transformed into
symbols through modulation techniques and the symbols are
embedded into the position of non-zero elements of the FU
sparse vector which results in an embedded sparse vector s.
The pseudo-code for generation of MU-SVC from FU and
NU data is described in Algorithm 1. The number of bits that
can be encoded is obtained as b = Llogz (II\(])J Subsequently,
each sparse vector is spread into m physical resource through
pseudo-random spreading. Let the non-zero elements of FU
be at the p”* and ¢™ positions in which the NU symbols are
embedded and its vector is represented mathematically as,

x=8)YCp+8)YCy (1)

SNU SNU

where, and are the NU symbols at the p™ and ¢™
positions. The code book matrix is designed precisely by
random Bernoulli distribution with dimension C = (m x N)
in which m < N such that the sensing matrix (x = Cs) holds
enough information for recovering the sparse vector, where
m is the number of resource elements. The random code
book matrix can be realized as in (2) with equal probabilities
of 1 and —1.

] @

L 211 =1 =1

(mxN)

where £ is the normalization factor based on the modulation
technique aided. Conventionally, for symbol encoding M -ary
quadrature phase shift keying (QPSK) modulation is utilized
and its normalization is calculated as & = w in
which M is the order of modulation. After spreading, the
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sparse signal is transmitted over the Rayleigh channel with
independent and identically distributed noise (v) which is
expressed as, y = Hx + v, where H is a diagonal matrix
representing the channel coefficients, and can be visualized
as,
hi; --- hyy, S1 Vi
y=| i flee] (] O
hy -y SN Vm
Thus, the received signal-to-noise ratio (SNR) at any
specific user (U) can be expressed as,

2
Py ‘hp,USgU + hq,USgU‘

SINRy = )

2
.#ZUPJ' ‘hp,jS,’)’U + hq’jSIqVU‘ + 02
J

where Py is the transmit power allocated to user U, h, y
and h, y are the Rayleigh fading coefficients for user U at
positions p and ¢, with probability density function (PDF)
givenby f,,(y) = %e’V/?, y > 0in which y is the average
SNR, P; and h,;, h,; represent the power and channel
coefficients for interfering users j # U, respectively, and o>
is the noise power. Since FU data is sparsely mapped and NU
symbols are embedded in FU positions, interference terms
differ and the SNR for FU is mathematically written as,

Pry Y |hSHYP2

ieS
SINRpy = i - Q)
> P Y IS 402
J#FU " ke§;

where Spy represents the set of active sparse positions

assigned to FU. Similarly, the SNR for the NU can be

written as,

Pxu Y [h,S)Y 4+ hSHY 2
pq

> P Y IS 2+
J#ENU  keS;

SINRNy = ©6)

On the other side, the sparse signal seems to be an undeter-
mined system in nature and requires CS techniques [37], [38]
for the detection of non-zero position which turns out to be a
determined system.

Fig. 1 sketches the encoding block diagram of the
proposed MU-SVC scheme at the BS whereas, Fig. 2 (a)
and Fig. 2(b) shows the decoding process of MU-SVC at the
FU and NU respectively. At the FU, support identification
is carried out through greedy algorithms such as orthogonal
matching pursuit (OMP) from which the non-zero positions
are identified. To aid SRA, it is taken care that m <
O(KlogN) for support identification [4]. In OMP, the sparse
mapped information is projected onto the sensing matrix and
correlation between each column in ¢ is obtained. Since,
S contains only K non-zero elements, the received signal
y can be represented as a linear combination of K selected
columns from the matrix ® = HC, with an additional noise
component which can be expressed as, y = ®s + v. The

56783



IEEE Access

S. Sabapathy et al.: MU-SVC for eXtreme URLLC in Beyond 5G

FU
Data | Sparse Embedding 5 _|Pseudo Random |z = C's
Mappin, at Non Zero Spreadin;
pping Positions P &

NU Data

FIGURE 1. MU-SVC encoding scheme at the BS.

FU
y=Hz+v Support Sparse | Data
Detection Demapping
(a
NU

y=Hz+v(" gupport Symbol | Data
Detection Detection
(b)
FIGURE 2. MU-SVC decoding scheme at (a) FU (b) NU.

maximum correlation column is considered for each non-zero
element and the residual factor is updated in each iteration.
The index of the support estimated at p-th iteration is given
by,

2
“r = arglganN ’<¢”’ rp_l>‘ ) )
where r is the residual factor. Once the support Q) is
identified, sparse demapping is performed to decode the
FU information through look up table (LUT) approach.
Likewise, support identification is performed at the NU and
symbol detection is computed to decode the information.
The main contribution of the MU-SVC is that despite
adopting the superimposed principle, each user can decode
their information simultaneously. Moreover, power can be
concentrated in non-zero positions rather than optimal power
allocation for the FU and NU. The allegorical representation
of MU-SVC is sketched in Fig. 3 for ease of understanding.
Table 2 displays the mapping of FU and NU data into
superimposed sparse vectors for a specific scenario and this
can be extended to any number of users and sparse vectors
without loss of generality. Fig. 4 portrays the downlink
scenario of the proposed MU-SVC scheme for xURLLC
applications. In MU-SVC scheme, the encoding and decod-
ing strategies for FU and NU are distinct. Specifically,
FU information undergoes sparse mapping, resulting in a
sparse vector with non-zero entries corresponding to FU
data. NU data, on the other hand, is symbol-modulated and
embedded into the non-zero positions of the sparse-mapped
FU data. The resultant sparse vector is then pseudo-randomly
spread. During decoding, the superimposed signal received
by both FU and NU is processed differently. For FU, the data
is retrieved using support detection combined with sparse
de-mapping, bypassing the need for symbol demodulation.
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FIGURE 3. Allegorical representation of MU-SVC.

(H)

—ZZ__ W

Near User
(Support Detection +

Symbol Detection)

()

BS
(Sparse Mapping + Embedding +
Pseudo Random Spreading)
Far User

(Support Detection +
Sparse Demapping)

FIGURE 4. Downlink MU-SVC system model.

Conversely, NU data is extracted through support detection
followed by symbol demodulation. This differentiation in
decoding mechanisms enables the separation and recovery of
NU and FU data effectively. Moreover, in traditional SVC,
when two users transmit data, each requires a separate sparse
vector, and both must perform support detection and symbol
demodulation. Howeyver, in the proposed MU-SVC scheme,
only the NU handles both support detection and symbol
demodulation, while the FU only needs support detection
for data recovery. Moreover, an ultra-short packet can carry
multiple symbols instead of just one, enhancing the MU-SVC
scheme’s efficiency while reducing complexity in multi-user
transmissions.

Ill. PERFORMANCE ANALYSES OF MU-SVC

In the proposed MU-SVC scheme, it is observed that the
non-zero position of the sparse vector corresponds to FU
data and embedded symbols in the non-zero position are
associated with the NU data. Thus, we study the performance
of MU-SVC as two folds viz., PoOER and SER, rather than
conventional analysis such as BER, BLER, etc. PoER can
be defined as the probability of unsuccessful decoding of
the exact non-zero positions from the sparse vector. PoER is
analyzed for FU as well as NU because both the users need to
identify the non-zero position and SER is calculated only for
NU which retrieves its information through symbol detection

VOLUME 13, 2025
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TABLE 2. MU-Sparse mapping of users information for
K=2,U=2,W=5N=09.

FU Information (b = 5 bits) ~ MU-Sparse Vectors (N = 9 bits)

00000 MV xV 0000000
00001 M 0oxiV 000000
00010 0xMV XV 000000
00011 NV 00xY 00000

11111 000xM 0000x)Y

techniques. However, the POER corresponding to NU does
not impact the performance of NU, since its information is
only the symbols. This paper conducts a general analysis of
PoER and SER, considering b bits of information, sparse
vector length N, sparsity K, and m physical resources.

A. SIGNIFICANCE OF POER IN MU-SVC

The decoding of FU and NU information involves the
identification of non-zero positions and symbol decoding,
respectively. To be precise, the non-zero positions replicate
the FU information and symbols represent NU data. Since
non-zero position decoding is alone sufficient to obtain
the FU information, its performance lies upon the number
of errors in decoding the non-zero positions. Thus, PoER
calculation is required to analyze the FU performance in
the MU-SVC scheme. Table 3 (Refer to Annexure) shows
the sparse mapped vectors at the transmitter and demapped
sparse vectors with decoded data at the receiver. All possible
combinations of 5 bit input data for K = 2 with a transmit
SNR of —2 dB are considered for PoER analysis at the
FU. It can be observed that for half of the input data
combinations, the sparse demapping is done perfectly without
error in decoding the non-zero positions. For the remaining
input combinations, the exact identification of the non-zero
positions is mismatched and in most cases, only a single
position is identified to be the error. Also, the significance of
PoER is to study the characteristic of SRA on the MU-SVC
scheme concerning the error in decoding the position of non-
zero elements. In conventional performance analyses such as
BLER, packet error rate (PER), etc., even a single position
change detected at the receiver leads to an entire sparse vector
being the error, thereby degrading the performance of the
system. On the other hand, to obtain the NU data, decoding
of symbols embedded at the non-zero positions of the sparse
vector is required. However, direct symbol detection could
not be possible without the identification of the non-zero
positions. Thus, initially, the non-zero position is identified
and subsequently symbol decoding is performed to obtain
the NU information. Similar to Table 4 analyses at the NU
can be performed which contributes to less POER due to

VOLUME 13, 2025

the distance factor from the BS. Finally, the PoER-based
performance analysis demonstrates that the MU-SVC scheme
provides greater reliability compared to conventional short-
packet coding schemes.

B. POER FOR FU AND NU

We consider the sparsity to be K and the non-zero elements
be at the k-th and [-th position such that Qg = k, /. Thus,
the support (non-zero position) can be defined as S =

[Sk. §I]Twhere Sk = Ax + By and §; = A; + jB;, where,
2 and B are complex variables. POER occurs when support
is not identified correctly by the SRA and mathematically
written as,

PoER = P (R # ) . ®)

where €25 is the exact positions of non-zero elements.
OMP performs support detection and the support identified
successfully at p-th iteration be I7, where I is the probability
of success and the corresponding probability can be expressed
as,

Puuccess = 1 — P (R} # @) = P (12‘ 11) P (11) .

The NU data is converted to symbols through any type

of modulation schemes and the real and imaginary part

decisions are taken in first and second iteration, respectively.

The conditional probability for identifying the support in first

iteration with channel coefficients hpy = [hy, hp, ... hm]T is
Ql< P r0>

given by,
el )

P(11|hFU)= lN_[ P(
)1 (10)

(i=1, i#k)
>P Ql< —¢i , r0>
[#:ll,
where, ¥ is the initial residual factor. The support estimate at
the first iteration is expressed as,

[ o>_ < Py < < >
M1 ) = A s + ¢85 +
<n¢k|2r o], P o

= 2 llhyylly + A up hrull; +2z.. (11)

The term g mutual coherence is the maximum correlation
between ¢; and ¢;, where ¢; and ¢; are code book vector
at k-th and [-th estimates. The terms %A; and 2l; are thTe real
part variables at k-th and /-th estimates, z, = U (”z"Tb v).
We have

?;

Ql<m r0> = A ik Ihrully + A Ihrull + 2z
ill2

12)

T
where, z; = m(”f”;” v). Now, utilising P (|A| > |B]) =
ill2

PA>|B)PA>0) + P(—A> [B)P(A <0) in (11)
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and (12), the conditional probability of the estimate is given

by,
P(Q(< 28 ’ro> . |2l< b ’ro>)
[, [#:,
= P(|(Ak + A i) hrully + 2| =
| peire + Arpeir) Ihrullz + zil) - (13)
The Q function criteria, P(zx < —1|h|,)) = 1 —
2
0 —% > 1 — exp —”;‘# is used for further
f v
simplificzation of (13) and the support estimate is rewritten
as,
P 91<—¢k ,r0>
6l
hrull3 hrull3
S 1 —exp __lihgyll3 &1 —exp _lhgyll3 71 ’
202 o2

(14)

where,a% is the noise variance, 1 = {2y + A;u™ — (A | +
10) 1*)? and 71 = (A + A%} in which p* is the
absolute value of the maximum correlation between two
columns of ¢. Furthermore, the probability of support at the
first iteration with realization of FU channel gain is expressed
as,

P (11) = /P (11|hFU)thU x)dx = E, [P (11|hFU)] .

15)

2
On simplification, by Ej [exp (—”}‘5—2'2) ‘hFU] =

—m
( 1+ ﬁ) [6], where E}, is the expectation with respect

to FU channel realization. The first iteration support estimate
is expressed as,

(16)

Similarly, the success of second iteration can be derived and
expressed as,

—m —m\ N2
0= () ()
)

where &, = {B; — I%II/JL*}2 and np, = %,2. Finally, the
closed form expression of PoER for both the iteration can
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be written as,

PoERFy

é_ —m —m N-1
1 m
21_(1_(1+E) —(1+a) )

é_ —m —m N-2

2 n2

The PoER of the NU is same as that of FU with the only
difference being realization of the NU channel gain (hnp).

C. SER FOR NU

The NU adopts symbol detection techniques to decode
its information and SER occurs if the detected symbol is
incorrect. Assuming the transmitted symbol to be Sk and
incorrect symbol as SI;, the pair wise error probability is
expressed in terms of Q function [39] as,

P (gk — 512 ly, hNU) =Q (19)

Now, the channel is realized and minimum Euclidean
distance (d,,;;) among the symbols are considered with NU
channel gain. Using Q(x) < exp(— "72), (15) can be simplified
and written as,

M*dz‘ -m

Thus, the final expression for SER at NU has been obtained
in which the resource allocation plays a vital role in
deciding the SER performance. The numerical expressions
of PoER and SER are validated with Monte Carlo simulation
over Rayleigh fading channel in the next section and the
performance of the MU-SVC scheme is analyzed with
various key parameters.

D. BER FOR MU-SVC AND ESVC

The BER analysis is performed to enact the performance gain
of MU-SVC over the ESVC scheme. Since PoER analysis
is not applicable to conventional SVC and ESVC techniques
(due to the absence of NU and FU segregation, as well
as the use of universal encoding and decoding techniques for
the transmitter and receiver), BER is calculated to contrast
the performance of the proposed scheme. The BER can
be analyzed similarly to BLER in [9]. It is defined as the
number of bits received as an error in the total number of
bits transmitted. The probability of unsuccessful decoding
can be obtained by BER = 1 — Pgyecess for both FU and
NU with their respective channel coefficients (The step-
by-step numerical analysis is omitted, as BER analysis is
traditional, and the primary focus and uniqueness of this
paper lie in PoER analysis). In the case of ESVC, both the
users need to perform support detection as well as symbol
decoding to decode their information. To calculate BER, the
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detected symbols are converted to bits. On the other hand
in MU-SVC, the FU performs only support detection to
decode its information from the non-zero positions, whereas,
NU is concerned only with symbol decoding. The BER
performance for the MU-SVC and ESVC schemes are traced
out in Section I'V.

E. COMPLEXITY ANALYSIS

The complexity analysis is performed by considering the
process of decoding the non-zero positions and symbols as
0p and pgp respectively, for ultra-short packet transmission.
In the case of ESVC, the support identification (p,) and sym-
bol decoding (psp) has to be done by each user individually
to obtain their information. Whereas in the proposed scheme,
the FU performs only support identification (o,) and the NU
undergoes both processes (0, + psp). Thus, the complexity
at the NU for the proposed MU-SVC is the operation of
(U x (IKN + Sk)). Likewise, the complexity at the FU is only
to detect the non-zero position which is U x (IKN), where
I is the number of iteration SRA takes for convergence, U
is the number of users and Sk is the K number of symbol
detection process. Thus, as a system, the complexity of
the proposed MU-SVC lies in performing the operation of
U x ((IKN)? + Sk). Whereas, in ESVC complexity lies in
detecting the non-zero positions and decoding the symbols
for each user which is U x (IKN + Sk). Similarly, in case of
SVC the complexity is to detect the non-zero positions alone
i.e., U x (IKN). Even though it seems that the complexity
of SVC is less than MU-SVC, the amount of information
transmitted, number of users served and reliability are much
higher with less latency than former. Table 4 shows the
complexity analyses for MU-SVC and ESVC schemes for
the MU environment in terms of decoding at the user end.
Inference shows that the MU-SVC requires less computation,
thereby achieving less complexity with reduced latency than
the ESVC scheme.

F. SPECTRAL OCCUPANCY

The spectral occupancy is computed in terms of time
slots required for users to make successful communication.
Without loss of generality, the time duration is considered
as a slot without specifying a fixed length. Fig. 5 shows the
spectral occupancy for SVC, ESVC and MU-SVC schemes,
in the MU environment. For ultra-short packet transmission,
the SVC and ESVC requires individual time slots to serve
each user, whereas, MU-SVC serves more than one user
simultaneously in a single time frame. Thus, the proposed
MU-SVC scheme is spectral efficient and serves more users
simultaneously than ESVC and SVC schemes.

IV. RESULTS AND DISCUSSIONS

In this section, the key results are presented for MU-SVC
in terms of transmitting SNR versus PoER and SER. For
simulation, the parameters are assigned to N = 96,b =
5,m = 88,K = 2,u* ~ 0.6 and the distance of FU is
twice as that of NU. In Fig. 6, the performance in terms of

VOLUME 13, 2025

Frequency Slot/
Time frame Slot: 1

Frequency Slot/
Time frame Slot: 2

NU

FU

ESVC

& SVC

NU & FU

NU & FU

MU-SVC

FIGURE 5. Spectral occupancy of existing SVC schemes and MU-SVC.

100 ;
@ _ % FU: Numerical
T~< —A—FU: Simulation
3\\ O NU: Numerical
AN — % —NU: Simulation
107! | AN
N
®
\
\
\
~ \
= = \
LQ] 102 \
a9 \
\
\
\
\
\
1073 L \
]
\
\
\
\
\
104 L L \ L
12 -10 -8 6 -4
SNR(dB)

FIGURE 6. PoER MC simulation and

100

numerical validation of MU-SVC.

1070} ©

=RUR
wn

1073 1

1074

T T T T
o NU: SER Numerical
— — =NU: SER Simulation

I I I I
-12 -11 -10 -9 -8

-7 -6 -5 -4 -3
SNR(dB)

FIGURE 7. MU-SVC SER performance of NU with numerical validation.

PoER for FU and NU is traced out with the upper bound.
It is observed that NU performs better than FU due to the
distance factor and on an average 2 dB gain is obtained by
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TABLE 3. Significance of PoER in MU-Sparse mapping of users information for K =2,U =2, W =5, SNR = -2 dB.

NU when compared with FU to achieve a POER greater than
1072, Also, the simulation result well matches with upper
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Data Sparse Mapping ~ Support Detection ~ Sparse Demapping ~ No. of error in position ~ No. of errors in bits
00000 110000000 010000100 10000 1 1
00001 101000000 101000000 00001 0 0
00010 011000000 010100000 00100 1 2
00011 100100000 100010000 00110 1 1
00100 010100000 000001100 10100 2 1
00101 001100000 001100000 00101 0 0
00110 100010000 000011000 01110 1 1
00111 010010000 010001000 01011 1 2
01000 001010000 001010000 01000 0 0
01001 000110000 000110000 01001 0 0
01010 100001000 100000100 01111 1 2
01011 010001000 000001010 11010 1 2
01100 001001000 001001000 01100 0 0
01101 000101000 000100010 11000 1 3
01110 000011000 000011000 01110 0 0
01111 100000100 100000100 01111 0 0
10000 010000100 000010100 10011 2 2
10001 001000100 001000100 10001 0 0
10010 000100100 000100100 10010 0 0
10011 000010100 000010100 10011 0 0
10100 000001100 000010100 10011 1 3
10101 100000010 100000001 11100 1 2
10110 010000010 010000010 10110 0 0
10111 001000010 100010000 00110 2 2
11000 000100010 100000010 10101 1 3
11001 000010010 000010010 11001 0 0
11010 000001010 000001010 11010 0 0
11011 000000110 000000110 11011 0 0
11100 100000001 100000010 10101 1 2
11101 010000001 010001000 01011 1 3
11110 001000001 001000001 11110 0 0
11111 000100001 001000010 10111 2 1

bound analytical values. Further, it is evident that the system
is very reliable even at low SNR values due to the sparse
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FIGURE 9. MU-SVC PoER performance with various resource allocation.

nature of the information and CS-based decoding techniques.
The NU performs symbol detection in addition to support
identification and its analyses is shown in Figs. 7 and 8.
The simulation values are evaluated with numerical in Fig. 7
and observed that as SNR increases the SER attained is low
which means the probability of symbol decoding success is
high. Furthermore, SER for various input information bits is
analyzed in Fig. 8 which shows that the SER and number of
information are directly proportional to each other. This is
because as the amount of information to be encoded is more,
the length of the sparse vector gets increased which leads to
a higher decoding error.

The PoER performance analysis of FU and NU with
various resource allocations (m = 28, 88, 148, 296) is
shown in Fig. 9 with N = 320. Observations indicate
that as the number of resources or the sensing matrix size
increases, POER decreases due to the availability of sufficient
measurements for accurate symbol decoding. To be precise,
if the measurement changes from 28 to 88, a gain of 3 dB and
4 dB in FU and NU, respectively are obtained. Moreover, it is
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observed that the reliability of the MU-SVC scheme is very
high, and low latency can be achieved with less iteration.
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In Fig. 10, the SNR versus PoER plot for various input
information bits (b = 4,5, 8, 10) is analyzed for FU and
NU over the Rayleigh fading channel. Investigation shows
if the input information is increased for the same amount of
measurements, the performance of the MU-SVC scheme is
poor for both the users. Thus, as b increases, performance
can improve if bandwidth constraints are relaxed. Since the
sparsity is high (less number of non-zero elements), support
is identified in less iteration through greedy algorithms. Also,
it is evident that the input bits and PoER are proportional to
each other with a fixed resource.

The performance of MU-SVC concerning various sparse
vector size (N = 9, 24,48, 64, 96) are analyzed and plotted
in Fig. 11. From the result, it is clear that the error rate
depends on sparse vector size for a specific measurement
but the performance is not affected as in case of varying
the resource. As N gets high, there is a marginal difference
in PoER for FU as well as NU. Finally, MU-SVC scheme
provides ultra-reliability even in a very low SNR regime due
to the sparse nature of the information transmitted. Also,
decoding involves only position identification and support
with symbol detection for FU and NU, respectively. Thus,
MU-SVC provides low latency with less system complexity
in MU scenario.

Fig. 12 traces the BER plot of MU-SVC with ESVC and
SVC schemes for various transmit SNR with K =2, m = 5,
N = 10. Immediate inference is that for all the schemes
BER decreases as SNR gets high and the FU performance
is comparatively less than NU due to the distance factor.
Keen observation discloses that the performance of MU-SVC
is superior to ESVC and SVC for both the users. In MU-
SVC, the FU performs only support identification to decode
its information and thus possesses a gain of 2 dB for BER
of 1073 over the ESVC scheme which requires support
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TABLE 4. Complexity analysis.

User ESVC MU-SVC
NU Pp + PsD Pp + Psp
IKN + Sx  IKN + Sk
FU pp + psp Pp
IKN + Sk IKN

identification as well as symbol detection. In the case of
NU, both the schemes perform support identification and
symbol detection to decode their information, but the NU
of the MU-SVC shows less BER. This is because the
information of NU depends only on the symbols and not
on non-zero positions, and hence the support identification
error is neglected. In case of SVC, the performance depends
on decoding of non-zero positions alone, yet its error rate
is higher than ESVC and MU-SVC. This is due to the
symbol decoding process, which contributes for less error
than position decoding. Thus, the MU-SVC provides user
fairness and more efficient than ESVC and SVC schemes in
MU scenario.

Finally, the transmission latency is evaluated for the
proposed MU-SVC scheme and compared with the ESVC
and SVC schemes (excluding processing, queuing, and
propagation delays). The simulation setup considers a system
withN =96,b =5, m =88, K = 2,and U = 2. The
transmit SNR is set to —2 dB, and the target error rate is
10~°. The optimal power allocation factor is set as u* & 0.6.
The analysis is conducted under a re-transmission (repetition)
scheme, ensuring that both NU and FU data undergo repeated
transmission until successful decoding. Fig. 13 illustrates the
probability distribution of transmission latency for the MU-
SVC, ESVC, and SVC schemes. The results indicate that
the proposed MU-SVC scheme achieves significantly lower
latency compared to conventional schemes—on average, 15%
lower than ESVC and 34% lower than SVC. This reduction
is attributed to the fact that in ESVC and SVC schemes,
both users must perform support detection and symbol
decoding, which introduces additional delay. Additionally,
the proposed MU-SVC scheme successfully decodes the
information within 1 ms, thereby meeting the stringent
latency requirements of xXURLLC while maintaining spectral
efficiency, making it suitable for B5G.

V. CONCLUSION

In this paper, we proposed a novel MU-SVC scheme, for
the transmission of ultra-short packets in XURLLC that aids
for time critical and reliable systems. The FU information
is mapped into a sparse vector and the NU information
are converted into symbols and embedded into the non-zero
position of the FU sparse vector. The decoding of the sparse
vector is done through SRA and sparse demapping in FU,
whereas SRA with symbol detection technique is adopted
in NU. From the numerical and simulation results of POER
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and SER, it is demonstrated that our proposed MU-SVC
scheme achieves the reliability and latency standards of B5G
at the low SNR regime itself. The MU-SVC performance
is analyzed by varying the key parameters and it is proved
that the proposed scheme serves multiple users without
sacrificing the reliability standard. Also, the significance
of PoER performance in MU-SVC is elaborated for the
FU. Furthermore, BER, complexity, and latency analyses
with spectral occupancy proves that the proposed MU-SVC
outperforms the SVC and ESVC schemes. Thus, the proposed
MU-SVC scheme is shown to be a strong candidate

for

xURLLC scenarios with high spectral efficiency for

ultra-short packet transmission in B5G applications.

ANNEXURE
See Table 3.
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